Objective: Icosapent ethyl (IPE) is a prescription form of eicosapentaenoic acid (EPA) ethyl ester. This randomized, open-label study characterized EPA pharmacokinetics. Methods: Four healthy subject groups received IPE for 28 days: three received 2 g/day (1 Â 1,000 mg BID, 2 Â 1,000 mg QD, or 2 Â 500 mg BID); one received 4 g/day (2 Â 1,000 mg BID) administered with meals. Blood sampling was before the morning dose on days 1, 14, 26, 28, and at specified intervals during an 18-day pharmacokinetic period. EPA was measured in plasma (total and unesterified) and red blood cells (RBCs) by liquid chromatography/tandem mass spectrometry. Results: Mean plasma total EPA increased from 19 mg/mL to a peak (C max ) of 366 mg/mL at 5 hours postdosing 4 g/day IPE on Day 28. Mean RBC EPA C max after 4 g/day was 89 mg/mL (baseline, 12 mg/mL). Mean steady state (SD) for halflife, clearance, and volume of distribution of total EPA were 79 (47) hours, 757 (283) mL/h, and 82 (56) L, respectively. Steady state for total and unesterified plasma EPA was reached by Day 28, whereas RBC levels were still increasing. Conclusions: EPA pharmacokinetic profile demonstrated a slowly cleared, extensively distributed molecule with dose linearity and comparable exposures with BID and QD regimens.
Omega-3 fatty acids have been shown to have a variety of cardioprotective effects, 1 and dietary intake of 1 g/day of omega-3 fatty acids has been recommended for the secondary prevention of cardiovascular disease by the American Heart Association. 2 Hypertriglyceridemia is directly associated with increased risk of atherosclerotic coronary heart disease, 3 and consumption of the marine omega-3 fatty acids, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) has been shown to have potent triglyceride (TG)-lowering effects. 4, 5 Icosapent ethyl (IPE; Vascepa R [formerly AMR101]; Amarin Pharma, Inc., Bedminster, NJ) is a high-purity prescription form of EPA ethyl ester approved by the United States Food and Drug Administration as an adjunct to diet to reduce TG levels in adult patients with severe (!500 mg/dL) hypertriglyceridemia. The MARINE and ANCHOR pivotal studies collectively demonstrated that IPE significantly reduced TG levels in patients with very high (!500 mg/dL and 2,000 mg/dL) or high (!200 mg/dL and <500 mg/dL) TG levels in the absence and presence of statin therapy. 6 ,7 TG-lowering occurred without raising low-density lipoprotein cholesterol (LDL-C) levels in the MARINE study, 6 and in the ANCHOR study, LDL-C levels were significantly reduced. 7 While the safety and efficacy of IPE have been described, 6 EPA is a component of the normal diet. During absorption, EPA is distributed and (re)incorporated into circulating phospholipids, triacylglycerol, and cholesteryl esters and in the phospholipid components of cell membranes. [8] [9] [10] [11] Only a small fraction of the total circulating EPA concentration is unesterified (not incorporated in triacylglycerol, phospholipids, cholesteryl esters, and red blood cells [RBCs] ). Incorporation of EPA into RBC membranes reflects membrane EPA content in other tissues 12 and, because RBCs are convenient for sampling, assessment of RBC EPA in pharmacokinetic studies offers insight into the tissue content of EPA.
Several studies in humans have examined the pharmacokinetics of various formulations of EPA ethyl esters, some of which also contained DHA ethyl esters. These studies have demonstrated the absorption and appearance of EPA in plasma as free fatty acid, phospholipids, and other lipid forms, as well as the incorporation into RBC membranes following oral administration of the ethyl ester of EPA. 8, [13] [14] [15] [16] [17] [18] [19] Interestingly, the ethyl ester of EPA is not readily detectable in the blood following oral intake 14, 15, 19 ; it is evidently completely hydrolyzed during digestion to become free fatty acid. 20 This may have an effect upon the relative bioavailability of omega-3 fatty acid ethyl esters as compared to the free fatty acid forms as documented in overweight patients on low-fat diets. 21 The purpose of this study was to characterize the pharmacokinetics of EPA in plasma and RBCs after multiple-dose oral administration of IPE at doses used in the MARINE 6 and ANCHOR 7 studies and to explore dosing regimens in healthy males and females.
Methods

Study Design
This was a phase 1, open-label, randomized, multidose study in healthy, nonsmoking men and women aged >18 and 55 years with a body mass index (BMI) >18 and 30 kg/m 2 . The study protocol was reviewed and approved by an institutional review board (IntegReview Ethics Review Board, Austin, TX). Written informed consent was obtained from each subject prior to performing any procedures or collecting any information. Exclusion criteria included use within 6 weeks prior to randomization through study end of any lipid-altering medications or supplements, including statins, niacin >200 mg/day, fibrates, ezetimibe, bile acid sequestrants, omega-3 fatty acid medications, and supplements or foods enriched with omega-3 fatty acids (no more than two servings of fish per week were permitted).
Following a 14-day screening period, subjects entered a 28-day treatment period and were randomized to one of four IPE dose regimen treatment groups. Group 1 received IPE 2 g daily (1,000-mg capsules; twice-daily [BID] regimen); Group 2 received IPE 4 g daily (1,000-mg capsules; BID regimen); Group 3 received IPE 2 g daily (1,000-mg capsules; once-daily [QD] regimen); and Group 4 received IPE 2 g daily (500-mg capsules; BID regimen). Treatment was administered orally with a meal in the morning and evening for BID regimens or in the morning only for the QD regimen. The content of the meals during the 28-day outpatient treatment period was not protocol-specified other than that noted above in the exclusion criteria. During the scheduled study site visits, all subjects were provided the same meals, although the content of the meals was different on different study days. On Day 28, the last dose of study drug was administered with a breakfast containing approximately 460 kcal and 25% fat. All meals at the study site were consumed within 30 minutes. The average daily dose of IPE was calculated based on the unused capsule counts across all treatment days prior to the last day of dosing. Percent compliance was calculated as actual daily dose/planned daily dose Â 100. Subjects then entered a post-treatment pharmacokinetic sampling period lasting 18 days to estimate the expected long half-life of EPA. Safety assessments were evaluated in the intent-to-treat population and consisted of adverse event (AE) monitoring, clinical laboratory measurements (chemistry, hematology, and urinalysis), 12-lead electrocardiographic measurements, vital signs (systolic and diastolic blood pressure, heart rate, respiratory rate, and oral body temperature), and physical examination findings. The intent-to-treat population was defined as all randomized subjects who received at least one dose of study drug. The per-protocol population was defined as all subjects who completed the 28-day treatment period without any major protocol deviations, and who provided blood samples for EPA analyses.
Fasting EPA concentrations were measured in plasma and RBCs prior to the morning dose (Days 1, 14, 26, 28) and at serial time points (1, 3, 5, 6, 8, 10, 12, 24, 48, 72, 120, 192, 312 , and 432 hours) after the morning dose on Day 28. Total plasma EPA included all EPA forms (unesterified EPA and that incorporated in phospholipids, triacylglycerols, and cholesteryl esters). In packed RBCs, EPA was measured in the cell membrane, where EPA is mainly incorporated in phospholipids.
Bioanalytical Methods
For total EPA in plasma and RBCs, lipids were isolated by acid/methanol/chloroform extraction followed by centrifugation and purified by isohexane and solid-phase extraction after confirmed complete lipid hydrolysis and transmethylation (acid/methanol, 50˚C overnight). Quantitation of EPA in plasma and RBCs is based on the EPA methyl ester formed during the transmethylation. For unesterified EPA in plasma, 25 mL of an inhibitor solution (0.5 g sodium fluoride, 1.0 g L-ascorbic acid, and 0.25 g 5-methylisoxazole-3-carboxylic acid per 10 mL water) was included per 1 mL plasma sample to prevent degradation, and lipids were isolated by centrifugation after methanol/ chloroform extraction (without hydrolysis or methylation) and further purified by protein precipitation and solid-phase extraction.
EPA concentrations were measured using a validated liquid chromatography/tandem mass spectrometry procedure (Charles River Laboratories Ltd, Elphinstone Research Center, Tranent, Edinburgh, Scotland, UK). Separation of the analytes was obtained with a Series 200 Perkin Elmer liquid chromatography system (Perkin Elmer, Beaconsfield, Cheshire, UK), utilizing an Ascentis R Express C 18 column 30 Â 2.1 mm, 2.7 mm (Sigma-Aldrich Co. Ltd, Poole, UK) with gradient elution from a 60%/40% mobile phase A/B to 100% mobile phase A in 2.5 minutes and back, with a flow rate of 1 mL/min at 60˚C. Mobile phase A was acetonitrile/ acetic acid (100/0.5, v/v) and mobile phase B was water/ acetic acid (100/0.5, v/v). Quantitation utilized linolenic acid For total plasma EPA, RBC EPA, and unesterified EPA, the lower/upper limits of quantitation were 10-1,000 mg/mL, 5-500 mg/mL, and 50-5,000 ng/mL, respectively. The assay accuracy (mean determined concentration/nominal concentration) ranged from 94.3% to 113.5% (intra-batch) and from 100.3% to 106.5% (inter-batch). The assay precision (coefficient of variation of the mean determined concentration) ranged from 1.6% to 9.3% (intra-batch) and from 3.0% to 9.6% (inter-batch).
Pharmacokinetic Analyses
Pharmacokinetic parameters were calculated with standard methods and included area under the plasma concentration versus time curve from time zero to 24 hours (AUC 0-24 hours ), calculated using the linear trapezoidal rule; maximum observed concentration (C max ); minimum observed plasma concentration (C min , pre-dose, trough concentration); apparent terminal elimination half-life (T1 /2 ) calculated from (log e 2)/l z , where l z is the apparent terminal rate constant obtained from the slope of the line, fitted by linear least-squares regression, through the terminal points of the natural log of the concentration versus time plots of these points; apparent total plasma clearance (CL/F) after an oral dose, calculated from Dose/AUC 0-t , where F is the oral bioavailability; time of observed C max (T max ); and apparent volume of distribution after an oral dose (V z /F), calculated from Dose/AUC 0-t Â l z , where F is the oral bioavailability. Unless otherwise specified, all reported parameters are based on baseline-subtracted concentrations (baseline is due to EPA derived from dietary sources). Evaluation of steady state was by visual inspection of concentration data and not by statistical analysis.
Results
Subjects
A total of 48 subjects were randomized to the four treatment groups, with six male and six female subjects in each group. There were six subjects who discontinued the study due to withdrawal of consent (n ¼ 5) and an AE (n ¼ 1; cholecystitis due to previously undiagnosed, longstanding cholelithiasis unrelated to study drug); 42 subjects completed the study (87.5%). In the intent-totreat population, mean age (SD) was 38.8 (11.9) years, subjects were primarily white (n ¼ 37; 77.1%), and half were male (n ¼ 24; 50.0%). Mean (SD) weight and body mass index were 74 (12) kg and 26 (3) kg/m 2 , respectively.
Baseline total EPA plasma concentrations were variable between subjects, with a study-wide mean (SD) of 15.3 (15.2) mg/mL. Fourteen subjects had baseline total EPA values lower than the lower limit of quantitation (10 mg/mL). The study-wide mean (SD) baseline unesterified EPA plasma concentration was 0.099 (0.095) mg/mL, which is less than 1% of the total EPA plasma concentration. In RBCs, the study-wide mean (SD) baseline EPA concentration was 8.01 AE 9.89 mg/mL.
Mean daily IPE dose was 2 g for all groups except group 2, which had a mean daily IPE dose of 3.9 g. Compliance rates were 99.4%, 97.1%, 99.1%, and 101.3% for groups 1 through 4, respectively.
Pharmacokinetic Results
Following IPE dosing, maximum concentration of total EPA was reached in approximately 5-6 hours in plasma (Table 1 and Figure 1 ) and approximately 8-24 hours in RBCs (Table 1) . The mean terminal half-life of total EPA in plasma was long, ranging between 70 and 89 hours for the four treatment groups. The mean oral clearance and volume of distribution of total EPA in plasma ranged between 684 and 868 mL/h and 79 and 88 L, respectively (Table 1) . Steady state was reached by Day 14 in plasma in all treatment groups (Figure 2) . However, RBC A small fraction ( 0.5%) of the total EPA was determined to be unesterified. Based on AUC 0-24 hours in plasma, 0.3% of the total EPA was unesterified in group 1 (2 g/day) and group 2 (4 g/day); based on maximum concentration in plasma, 0.5% and 0.4% of the total EPA was unesterified EPA in group 1 (2 g/day) and group 2 (4 g/day), respectively.
Comparisons of exposure (AUC 0-24 hours and C max ) revealed similarity between QD and BID regimens and between 1 Â 1,000-mg and 2 Â 500-mg formulations (Figure 3 ; group 1 versus group 3, AUC 0-24 hours for total EPA in plasma, unesterified EPA and total EPA in RBCs, with observed differences in maximum concentration expected based on dosing regimen; group 1 versus group 4, AUC 0-24 hours and maximum concentration for total plasma and unesterified EPA). Dose linearity was observed between IPE 2 g/day and 4 g/day (group 1 versus group 2; dose-normalized comparison of AUC and maximum concentration for total EPA in plasma, unesterified EPA and total EPA in RBCs). Based on graphical examination of the AUC 0-24 hours and maximum concentration of total and unesterified plasma EPA concentrations, no effect of age was observed. Minimum concentration appeared to be slightly lower for males compared with females in some treatment groups, but overall, no consistent gender effect was observed based on all remaining exposure parameters.
Safety and Tolerability
Fourteen (29.2%) subjects reported at least one AE during the study (3 [25.0%] in group 1, 4 [33.3%] in group 2, 3 [25.0%] in group 3, and 4 [33.3%] in group 4). All AEs were treatment emergent and mild or moderate in intensity. The most common AEs were upper respiratory tract infection (two subjects in group 2) and headache (two subjects in group 3). One subject in group 2 discontinued study treatment as noted earlier due to cholecystitis, which was considered unrelated to study drug. There were no clinically meaningful changes in laboratory, electrocardiographic, or physical examination findings.
Discussion
The present study describes the plasma and RBC pharmacokinetics of IPE, a prescription form of EPA ethyl ester. Once-daily versus twice-daily regimens, 500-mg versus 1,000-mg formulations, and 2 g/day versus 4 g/ day doses were compared, and the effects of age and gender were also evaluated.
Following oral dosing with IPE 4 g/day and 2 g/day, the study-wide mean (SD) elimination half-life of total EPA at steady state was 79 (47) hours. The study-wide mean apparent total plasma clearance of total EPA at steady state was 757 (283) mL/h and the apparent volume of distribution of total EPA at steady state was 82 (56) L. Maximum concentrations of total EPA were attained approximately 5-6 hours in plasma after dosing. Maximum EPA concentrations occurred later in RBCs compared with plasma ($8-24 hours after dosing). Steady-state concentrations of total plasma EPA were observed 14 days after continuous dosing, whereas steady state was not reached by Day 28 in RBCs.
The slow increase in RBC concentrations observed over the duration of treatment in the present study was consistent with the slow washout of EPA after cessation of dosing (long elimination half-life) in RBCs 17, 22 and likely due to the known slower process of incorporation of EPA into RBC membranes. 22 The maximum plasma concentration of 5-6 hours post dosing observed in this study is in agreement with that of a prescription formulation of ethyl EPA available in Japan (see approved product label). The study-wide mean elimination half-life of total plasma EPA was consistent with previously reported mean elimination half-lives ranging from approximately 1-3 days for plasma EPA in phospholipids, cholesteryl esters, and triacylglycerol. 9 The half-life of EPA in plasma was 79 hours in this setting where dosing continued for 1 month; previously, where dosing was continued for longer periods of time, longer half-lives have been reported. 22 Recently, the bioavailability of a novel omega-3 fatty acid formulation containing the free fatty acids forms of EPA plus DHA was investigated in comparison to prescription omega-3-acid ethyl esters (EPA plus DHA) at the same dose of 4 g/day in the Epanova R Compared to Lovaza R in a Pharmacokinetic Single-Dose Evaluation (ECLIPSE) study. 21 While the study may be useful for understanding specific pharmacokinetic comparisons for the two formulations that were investigated head to head, comparisons to the present study should be approached with caution. Subjects in the ECLIPSE bioavailability study received single doses of EPA þ DHA formulations and were overweight (BMI 25-35 kg/m 2 ) whereas the present study was a multiple-dose pharmacokinetic study of an EPA-only formulation in subjects wherein BMI was specified as >18 and 30 kg/m 2 . Furthermore, the ECLIPSE study was investigated under "low-fat" and "high-fat" dosing periods. The "low-fat" periods may perhaps be better described as fasting conditions because subjects fasted 12 hours prior to dosing and did not eat again until 4 hours post dose. The "high-fat" periods may perhaps be better described as drug administration with a low-fat breakfast because the study specified that the breakfast consisted of 600 kcal total with 20 g fat, while FDA recommendations for "high-fat" meals in bioavailability studies consist of 800-1,000 kcal total with approximately 500-600 kcal of calories derived from fat (56-67 g fat). 23 In contrast, dietary fat content was not specified in the present study during the 28-day outpatient treatment period; on Day 28, the last dose of IPE was administered with a breakfast containing approximately 460 kcal and 25% fat.
Based on dose-normalized maximum observed concentration and AUC of total and unesterified EPA in plasma and total EPA in RBCs, the mean exposure to EPA appears to be dose-proportional between IPE 2 and 4 g/day. This pharmacokinetic dose linearity was supported by the statistical comparisons of dose-normalized pharmacokinetic values, indicating that IPE has predictable pharmacokinetics. Administration of prescription omega-3-acid ethyl esters (EPA plus DHA) has also been shown to result in dose-dependent increases in serum EPA, but increases in serum DHA were found to be less pronounced and not dose-dependent (see approved product label).
In general, the once-daily and twice-daily dosing regimens for the same daily dose of IPE resulted in similar total AUC for total EPA in plasma. As expected, the maximum observed concentration was higher and the trough concentration was lower in the once-daily regimen compared with the twice-daily regimen. As is typical for drugs with long half-lives, the major determinant of steady-state exposure to EPA in plasma, and even more so in RBCs, was the total daily dose of IPE, irrespective of how the dose was divided over the course of the day. The relatively long half-life of EPA in plasma permits a dosing schedule with intervals of !12 hours, and day-today variability in the dosing interval is not expected to influence the average plasma or tissue exposure to EPA. In comparing the 500-mg and 1,000-mg formulations of IPE at the same daily dose, similar total plasma EPA maximum observed concentrations and AUCs were observed, indicating that, as expected, the 500-mg and 1,000-mg formulations provide comparable exposures at comparable doses.
In this investigation, age and gender had minimal effect on IPE pharmacokinetics. A limitation of this study is the relatively small number of subjects; the effects of gender and age should therefore be interpreted with caution.
Conclusions
The pharmacokinetic profile of EPA was that of a slowly cleared, extensively distributed molecule with dose linearity. With regard to daily exposure, comparable results for once-and twice-daily IPE regimens and 500-and 1,000-mg formulations at comparable doses were observed with no effects of age, and minimal effects of gender.
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